ABSTRACT In this paper, a compact dual-polarized ultra-wideband dipole antenna is realized by exciting three resonant modes using double-loop (DL) dipoles with stepped exponential-shaped (ES) arms. First, a single-loop (SL) crossed dipole antenna using the modified direct feeding (MDF) structure with ES arms is designed and analyzed to achieve wide bandwidth (1.7-2.7 GHz) with two resonant modes. Second, without increasing the volume of the antenna, one more loop is employed to gain one more resonant mode to enhance the bandwidth into 1.68-3.7 GHz and fractional bandwidth (FBW) up to 75% for VSWR < 1.5. In order to adjust three resonant modes independently, the ES arms of the DL dipole antenna are designed in stepped shapes. The HPBW is 65-70 • for 1.7-2.7 GHz (2G/3G/4G) and 95 • for 3.4-3.6 GHz (5G). In addition, the proposed antenna can also be designed with a bandwidth of 2.38-6.42 GHz (FBW of 92%) for VSWR < 2, occupying WLAN/4G/5G. As demonstrations, the proposed antennas covering 1.68-3.7 GHz for VSWR < 1.5 (Antenna A) and 2.38-6.42 GHz for VSWR < 2 (Antenna B) are designed, fabricated and measured, and the measured results agree well with the simulations.
I. INTRODUCTION
Dual-polarized antennas are widely utilized in wireless communication systems to alleviate the multipath fading and improve the channel capacity [1] . In the 2G/3G/4G base station applications, wideband (1.7-2.7 GHz) dual-polarized antennas with high isolation, high cross polarization discrimination (XPD) [2] and stable half-power bandwidth (HPBW) of 65 ± 5 • are usually adopted to meet critical requirements. With the emergence of new wireless systems such as the fifth generation (5G) wireless communication system, it is urgent to investigate and design ultra-wideband dualpolarized antennas to cover the 5G band (3.4-3.6 GHz) as well as 2G/3G/4G bands (1.7-2.7 GHz) [3] .
Many types of dual-polarized wideband antennas have been reported [3] - [16] for wireless communication systems.
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Although the patch antenna [4] and Vivaldi antenna [5] can realize ultra-wideband performance, the gain and HPBW are unstable over the operating band. Magnetoelectric dipole antenna [6] can achieve a bandwidth of 1.7-3.6 GHz for VSWR < 2 and stable radiation characteristics, but is relatively large in size and complicated in fabrication. Therefore, patch antenna, Vivaldi antenna and magnetoelectric dipole antenna are not good candidates for wireless communication systems with the requirements of compact size and stable radiation characteristics.
Crossed dipole antennas are widely used in wireless communication systems due to their advantages of wide bandwidth, stable radiation patterns, small size and ease of fabrication. The impedance characteristic of the printed dipoles in [7] with high isolation is improved by the coupling baluns and the orthogonal dipole. The antenna in [8] utilizes strong coupling between the driven and the orthogonal parasitic dipoles to realize wide bandwidth with two resonant modes. For ease of fabrication, several kinds of crossed dipole antennas with strong coupling are modified to be printed on planar substrates [9] - [13] . However, the printed crossed dipoles with compact sizes are difficult to realize wideband matching if fed directly by coaxial cables. Extra feeding baluns are added between the antenna and the ground reflector to realize wideband matching [9] . The crossed dipoles, fed by coupling baluns printed on the same substrate as the antenna, are easy for fabrication and high in isolation [10] - [12] . The crossed dipole antenna in [14] utilizes modified direct feeding (MDF) structure to further miniaturize the antenna element size and achieve high isolation for indoor beam-forming applications. The dipole antenna can be differentially fed to realize more stable and symmetrical radiation patterns [15] . The antenna in [16] introduces strong coupling by placing the ends of the two pairs of dipoles close to each other, realizing wide bandwidth and stable radiation characteristics. However, the bandwidth of the aforementioned works in [7] - [16] , covering 1.7-2.7 GHz, are not wide enough to occupy 3.4-3.6 GHz (5G band).
The bandwidth of a broadband dual-polarized antenna in [17] is enhanced to 1.4-2.8 GHz (67%) for 2G/3G/4G systems and IMT services by introducing a U-shaped slot to each arm of dipoles and a parasitic element of four disks above the antenna. The impedance bandwidth of the crossed dipole antenna in [18] is improved to cover 1.4-4 GHz (97%) with return loss >10 dB, but the geometry is large and the structure is complicated. The paper [19] utilizes extra metallic planes to introduce one more resonant mode in the lower band, hence increases the bandwidth to 0.91-2.45 GHz (92%). Nevertheless, the HPBW of these antennas in [17] - [19] are not stable enough for 2G/3G/4G base station applications. A kind of shorted-dipole antenna fed by integrated baluns is presented in [3] to realize the bandwidth of 1.7-3.7 GHz (74.6%) with stable HPBW for 1.7-2.7 GHz, but the XPD deteriorates slightly as the frequency increases. In the higher band, the HPBW increases to over 110 • and the gain decreases to 5.5 dBi.
In this paper, a dual-polarized ultra-wideband crossed dipole antenna using DL dipoles with stepped ES arms is presented. Firstly, the proposed antenna utilizes the MDF structure [14] to realize wideband matching and high isolation. Compared with coupling feeding structure, the MDF structure is compact at the feeding portion of the antenna, making the proposed antenna suitable to add smaller loops near the feeding portion. Secondly, compared with the SL dipoles, the DL dipoles can achieve one more resonant mode in the higher band to increase the bandwidth from 1.7-2.7 GHz to 1.68-3.7 GHz for VSWR < 1.5. Besides, the arms of dipole are designed in stepped exponential shapes to adjust the impedance match of three modes independently. The simulated HPBW is 65-70 • for 1.7-2.7 GHz (2G/3G/4G bands) and around 95 • for 3.4-3.6 GHz (5G band). As demonstrations, two antenna prototypes are designed and fabricated to realize the bandwidths of 1.68-3.7 GHz (75.1%) with VSWR < 1.5 and 2.38-6.42 GHz (91.8%) with VSWR < 2, respectively.
The overall structure of the proposed antenna is shown in Fig. 1 . It is composed of one substrate printing four pairs of DL dipoles, two coaxial cables and a metallic reflector. Four pairs of dipoles are printed on the upper and bottom layers of the substrate. The dipoles are fed by two coaxial cables using the MDF structure. The substrate is supported above the reflector by four plastic posts. Due to the symmetry of the antenna structure, all analyses of the proposed antenna are implemented on port 1 in the following content. The design procedure is organized as follows. In Section II-A, the principles of the crossed dipole antenna are introduced, and two methods to enhance the bandwidth are summarized. According to the first method, a SL dipole antenna using MDF structure with ES arms is designed and analyzed to realize wide bandwidth and high isolation in Section II-B. Then, based on the SL dipole antenna and the second method, a DL dipole antenna with three resonant modes is proposed and analyzed to achieve ultra-wide bandwidth (1.7-3.7 GHz) in Section II-C and D. In Section III, two fabricated antennas with the bandwidths of 1.7-3.7 GHz for VSWR < 1.5 and 2.4-6.4 GHz for VSWR < 2 are fabricated and measured as demonstrations.
II. ANTENNA DESIGN A. PRINCIPLE AND METHOD FOR ANTENNA DESIGN
It is well known that two pairs of dipoles are placed orthogonally to each other to achieve dual polarization. According to [8] , when one pair of dipoles is excited, the other pair plays a role of coupling parasitic element. Because the VOLUME 7, 2019 strong coupling between the excited and parasitic elements introduces a second mode, the impedance bandwidth of the crossed dipole antenna is broadened intensively. However, the bandwidth of the antenna is still not broad enough to cover 1.7-2.7 GHz.
According to the reported works, two common methods are used to improve the bandwidth and impedance matching. One method is to modify the gap structures between the crossed dipoles into some specific shapes, such as the step-shaped [12] , wedge-shaped [13] , and elliptical-shaped shapes [14] . It can be seen that this approach adds one more degree of freedom to control two resonant modes, and these two resonant modes are moved apart by altering the gap structures to gain wider impedance bandwidth. In this paper, the ES structure is utilized to control two resonant modes to achieve the bandwidth of 1.7-2.7 GHz, which is analyzed in Section II-B. Another method to increase the bandwidth is to add one more resonant mode in the higher band [10] , [11] . In Section II-C, the proposed DL dipole antenna is designed with three resonant modes. We combine the advantages of two approaches using MDF structure with stepped ES arms to enhance the bandwidth into 1.7-3.7 GHz.
B. DESIGN OF SL DIPOLE ANTENNA
In order to demonstrate the design strategy clearly, a SL crossed dipole antenna is firstly designed and analyzed. The detailed geometry of the SL dipole antenna is shown in Fig. 2 . The SL dipole antenna is printed on a FR-4 substrate with a dielectric constant ε r = 4.4, a length Ls = 52 mm and a thickness Hs = 1 mm. Beneath the substrate, a square metallic reflector is employed, with a length Lg = 145 mm and a distance H = 35 mm (about 0.25λ 0 , where λ 0 is the free-space wavelength at 2.2 GHz), to realize a unidirectional radiation pattern.
As can be seen in Fig. 2(a) , each arm of the SL antenna has one loop in exponential shape. The upper and bottom layers of the substrate are depicted in Fig. 2(b) and (c), respectively. The dipoles on the bottom layer has the same shape and size with the ones on the upper layer. Two pairs of loop dipoles are connected directly to coaxial cables, and the other two are connected to the former two pairs through eight shorted vias. An arm of the loop dipole on the bottom layer of the substrate is connected to the outer conductor of the coaxial cable. The other arm is connected to the inner conductor through an extra metallic strip on the upper layer. To avoid overlapping, part of one metallic strip is printed on the bottom layer of the substrate, and a metallic via is used to connect the upper and bottom parts of the metallic strip.
The arms of the dipole antenna are designed in exponential shapes. The exponential function of the arm structure can be expressed as Y (x) = Ce kx + B. The smaller the coefficient k, the closer the exponential line is to a straight line. Moreover, the proposed antenna utilizes the MDF structure to realize wideband matching (1.7-2.7 GHz), high isolation (33dB) and compact size (51 × 51 mm 2 ). As shown in Fig. 3 , the impedance characteristic is mainly influenced by G1 and k. When G1 increases, two resonant modes are moved apart and the bandwidth becomes wider, but the impedance matching gets worse, as shown in Fig. 3(a) . According to Fig. 3(b) , a suitable coefficient k can be chosen to ensure that two resonant modes are matched well at the same time across the whole working band. Compared with the elliptical-shaped gap structure in [14] , the ES structure with k parameter is easier to control the impedance matching of antenna, which would benefit the impedance matching of DL dipoles in Section II-C.
As a simple demonstration, three types of crossed dipole antennas with the same sizes (51 × 51 mm 2 ) are designed and simulated, including the original square-loop dipole antenna with coupling feeding structure (Ant. I), ES dipole antenna with coupling feeding structure (Ant. II) and the proposed SL dipole antenna with MDF structure (Ant. III). The structures of these three kinds of antennas are shown in Fig. 4 , and their VSWR and isolation are shown in Fig. 5 . It can be seen that the bandwidth of Ant. I is not wide enough to cover 1.7-2.7 GHz, although it has relatively high isolation. The bandwidth of Ant. II is broadened to cover 1.7-2.7 GHz, while the isolation is worsened a little. The proposed antenna can achieve a wide bandwidth to occupy 1.7-2.7 GHz with high isolation and a lowest resonant frequency (1.66 GHz) which is beneficial for miniaturization. Noting that, compared with coupling feeding structure, the MDF structure is compact at the feeding portion of the antenna, making the proposed antenna in Section II-C suitable to add smaller loops near the feeding portion.
C. DESIGN OF DL DIPPLE ANTENNA
Based on the SL crossed dipole antenna in Section II-B, the proposed DL dipole antenna adds one more embedded loop to excite three resonant modes and further enhance the bandwidth. The structure of the proposed DL antenna is shown in Fig. 6 . The external and internal loop share part of the arm and have their own exponential shapes with different coefficients ofk1 and k2 to adjust impedance matching of three resonant modes independently.
Three types of antennas using the MDF structure with the same height (H = 35 mm) and radiation aperture (51 × 51 mm 2 ) are designed to demonstrate the evolution of the proposed DL dipole antenna, as shown in Fig. 7 . Type I is the SL dipole antenna designed in Section II. Type II has double loops, but the additional loop is placed inside the original loop in the both layers of substrate, which is similar to the works in [10] and [11] . Type III is the proposed DL dipole antenna. Compared with Type II, the additional loops of Type III share parts of their arms with the external loops. . Detailed geometry of the proposed antenna. (L1 = 51mm, L2 = 28.6mm, W1 = 1.5mm, W2 = 1mm, W3 = 2mm, G1 = 6mm, G2 = 2.5mm, G3 = 0.29mm, S1 = 0.3mm, S2 = 2.5mm, D1 = 0.7mm, D2 = 1.3mm, k1 = 0.09, and k2 = 0.15). The simulated VSWR of Type I, II, and III (proposed antenna) are shown in Fig. 8 . The impedance bandwidths of Type I, II and III are 1.67-2.77 (49.5%), 1.67-3.26 (59.6%) and 1.68-3.70 (75.1%) GHz for VSWR < 1.5, respectively. It can be seen that the bandwidth of Type I is the narrowest, because Type I has only two resonant modes. Type II achieves three resonant modes due to one more parasitic loop. However, the bandwidth of its third mode is narrow. Compared with Type I, the bandwidth of Type III is nearly doubled with the third mode. Three modes are matched well due to the stepped ES arms. Therefore, the bandwidth of Type III is broadened vastly covering 1.7-3.7 GHz. With the utilization of MDF structure, the isolation of the proposed antenna is higher than 34 dB from 1.7 to 2.7 GHz and higher than 28 dB in the whole working band.
D. ANALYSIS OF DL DIPOLE ANTENNA
In order to further explain the radiation mechanisms of three resonant modes, the surface current distributions on the upper layer of the proposed antenna at three resonant frequencies over a quarter period of the excitation phase ψ are presented in Fig. 9 . 1.8, 2.7 and 3.6 GHz are the central frequencies of three resonant modes, and ψ = 0 and π /2 are two states in which the dipole current antinode has the minimum and maximum values. The red and black hollow arrows represent the directions of surface currents on the driven dipole and parasitic dipole, respectively. For ψ = 0 state, the surface current distributions at all three frequencies are similar, with the red and black arrows going in opposite directions. For VOLUME 7, 2019 FIGURE 8. Simulated VSWR and isolation of three types of antennas. ψ = π/2 state, the current antinodes on the driven dipole at three frequencies are all in maximum states with slightly difference at the portion near the feeding port, while the current distributions on the parasitic dipole are different. At 1.8 GHz, the current distributions on two arms of the parasitic dipole (black arrows) are in clockwise and counterclockwise direction, respectively. Therefore, the radiation of the first mode is attributed to the driven dipole. The black arrows have the same directions as the red one at 2.7 GHz and opposite directions to the red one at 3.6 GHz. Since the currents on the parasitic dipole is relatively small, the radiation is mainly attributed to the driven dipole. It is worth noticing that the currents on the small loops are weak at the first two frequencies and relatively strong at 3.6 GHz. The results show that the first mode is the resonant mode of the driven dipole, the second and third modes are coupling modes of the crossed DL dipole antenna. Fig. 10(a)-(f) show the impacts of parameters L1, L2, k1, G1, k2 and G2 on VSWR and isolation, respectively. Fig. 10(a) shows that the whole working frequency band moves downwards as L1 increases. As shown in Fig. 10(b) , when L2 decreases, the third resonant mode moves upwards and the bandwidth becomes wider, while the isolation deteriorates a little in higher frequency band. Fig. 10(c) and (d) show that the second resonant mode moves towards higher frequency band when k1 and G1 increase. Fig. 10(e) and (f) show that the impedance matching of second and third modes are influenced by k2 and G2. These two modes become closer as k2 increases or G2 decreases. Therefore, it can be concluded that the first and third resonant modes are mainly controlled by L1 and L2, respectively, the first two modes are adjusted by changing k1 and G1, and the last two modes are adjusted by changing k2 and G2.
III. PERFORMANCE OF ANTENNA
All simulations are performed by Ansys HFSS and the measurements are implemented by the Agilent network analyzer (Agilent N5230A) and far-field measurement system (NSI 2000) . In order to demonstrate the proposed antenna design strategy properly, two antennas (Antenna A and B) covering X Y Z FIGURE 9. Surface current distributions on the upper layer of the proposed antenna at three resonant frequencies over a quarter period of the excitation phase ψ.
1.7-3.7 GHz (FBW of 75%) and 2.4-6.4 GHz (FBW of 92%) are fabricated and measured in Section III-A and B, respectively.
A. PERFORMANCE OF ANTENNA A Fig.6 shows the structure of proposed antenna covering 1.7-3.7 GHz (2G/3G/4G/5G), and Fig.11 is the fabricated antenna printed on a FR-4 substrate with ε r = 4.4. The simulated and measured VSWR and isolation are shown in Fig. 12(a) . The overlapped measured bandwidth of two ports is 1.7-3.66 GHz for VSWR < 1.5, while the isolation is greater than 33 dB for 1.7-2.7 GHz and 28 dB for the whole working band. Fig. 12(b) depicts the peak gain and HPBW at the horizontal (ϕ = 90 • ) plane versus frequency. The measured gain is 8.6 ± 0.6 dBi for 1.7-2.7 GHz (2G/3G/4G bands) and decreases to 6.5 dBi for 3.4-3.6 GHz (5G band) due to wider HPBW. The measured HPBW is 66 ± 5 • for 1.7-2.7 GHz and increases to 95 • for 3.4-3.6 GHz, agreeing with the simulated result. The deviation between measured and simulated results is due to the tolerances of fabrication and far-field measurement. The radiation patterns at the horizontal plane for 1.7, 2.7, 3.4, and 3.6 GHz are shown in Fig. 13 . For 1.7 and 2.7 GHz, the co-polarization of proposed antenna is stable and the cross-polarization is less than -30 dB. In the 5G band, the HPBW of pattern becomes a little wider. The XPD is better than 8 dB within ± 60 • of the main lobe over the whole working band. The measured radiation patterns agree well with the simulated ones.
B. PERFORMANCE OF ANTENNA B
The internal loops of proposed antenna can also be changed into fan shapes with the characteristic unchanged. The Antenna B is a scaled version of Antenna A with different (L1 = 35.2mm, L2 = 15.2mm, W1 = 1.3mm, W2 = 1mm, W3 = 1.3mm, G1 = 6mm, G2 = 1mm, G3 = 0.23mm, S1 = 0.3mm, S2 = 1.1mm, D1 = 0.7mm, D2 = 1.3mm, k1 = 0.13, and k2 = 0.25).
internal loops, as shown in Fig. 14. The antenna, as shown in Fig. 14(a) , covering 2.38-6.42 GHz (WLAN/4G/5G) is designed with fan-shaped internal loops, and the fabricated VOLUME 7, 2019 antenna printed on a Rogers 4350 substrate with ε r = 3.66 is shown in Fig. 14(b) . As shown in Fig. 15(a) , the overlapped measured bandwidth of two ports is 2.4-6.4 GHz for VSWR < 2, and the measured isolation is over 31 dB in the whole working band. The peak gain and HPBW at the horizontal plane are displayed in Fig. 16(b) . The measured gain is 7.5-9.5 dBi for 2.4-5 GHz (4G/5G) and decreases to 6.3 dBi in the higher band (WLAN) due to the slight distortion of radiation pattern. The measured HPBW is around 56-72 • , agreeing with the simulated result. The deviation between measurement and simulation is because of the tolerances of installation and far-field measurement. The radiation patterns at the horizontal plane for 2.6, 3.5, 4.9, and 5.5 GHz (central frequencies of 4G/5G/WLAN bands) are depicted in Fig. 16 . The co-polarization patterns are stable in lower frequency band (4G/5G) and a little distorted in higher frequency band (WLAN) due to relatively high profile. antennas have ultra-wide FBW of around 72% (1.7-3.6 GHz) with dual-polarization and unidirectional radiation. For 2G/3G/4G base station applications, only the antennas in [3] and [6] have the stable HPBW of 65 • in the lower band (1.7-2.7 GHz). The magnetoelectric dipole antenna in [6] is relatively complicated in structure with VSWR < 2. The shorted dipole antenna in [3] is easy for fabrication with planar structure, but the XPD deteriorates to 4 dB and the Gain decreases to 5.5 dBi in the higher band (3.4-3.6 GHz). Different from [3] and [6] , the proposed antenna utilizes crossed dipoles to realize an ultra-wide bandwidth of 1.68-3.7 GHz (75.1%) with VSWR < 1.5 or 2.38-6.42 GHz (91.8%) with VSWR < 2. It can be seen that the proposed antenna has the advantages of ultra-wide bandwidth, stable HPBW, planar structure and good performances in isolation and XPD.
IV. CONCLUSION
A dual-polarized ultra-wideband dipole antenna is proposed by exciting three resonant modes using DL dipoles with stepped ES arms. The proposed antenna can realize an ultra-wide bandwidth of 1.68-3.7 GHz (75.1%), covering 2G/3G/4G/5G bands, for VSWR < 1.5 with a HPBW of 65-70 • for 1.7-2.7 GHz and 95 • for 3.4-3.6 GHz. Moreover, the proposed antenna can also be utilized to achieve a bandwidth of 2.38-6.42 GHz (91.8%) for VSWR < 2, covering WLAN/4G/5G bands. Because of the ultra-wide bandwidth and stable unidirectional radiation characteristics, the proposed antenna is potentially useful for future 5G base stations and other wireless communication systems.
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